polyubiquitination (Chau et al., 1989; Gregori et al., 1990) . In addition to targeting proteins for degradation by Ubiquitin C-terminal hydrolases catalyze the removal the 26S protease, other roles of ubiquitination include of adducts from the C-terminus of ubiquitin. We have modification of chromatin structure (Bradbury, 1992) , determined the crystal structure of the recombinant lysosomal targeting (Hicke and Riezman, 1996) and reguhuman Ubiquitin C-terminal Hydrolase (UCH-L3) by lation of a kinase activity (Chen et al., 1996) . X-ray crystallography at 1.8 Å resolution. The structure
In addition to isopeptide linkages to the lysine side is comprised of a central antiparallel β-sheet flanked chains of acceptor proteins, the ubiquitin C-terminus is on both sides by α-helices. The β-sheet and one of the also found attached to α-amino groups in peptide bonds, helices resemble the well-known papain-like cysteine since all known ubiquitin genes encode fusion proteins in proteases, with the greatest similarity to cathepsin B.
which ubiquitin is followed by a C-terminal extension This similarity includes the UCH-L3 active site catalytic (Ö zkaynak et al., 1987) . Proteolytic processing at the triad of Cys95, His169 and Asp184, and the oxyanion ubiquitin C-terminus is catalyzed by DeUBiquitinating hole residue Gln89. Papain and UCH-L3 differ, how-(DUB) enzymes. Such processing is likely to be required ever, in strand and helix connectivity, which in the for several different functions, including liberation of UCH-L3 structure includes a disordered 20 residue monomeric ubiquitin from the polyprotein precursors, loop (residues 147-166) that is positioned over the release of polyubiquitin chains from the remnants of 26S active site and may function in the definition of subprotease substrates, disassembly of polyubiquitin chains strate specificity. Based upon analogy with inhibitor to allow recycling of monomeric ubiquitin, reversal of complexes of the papain-like enzymes, we propose a regulatory ubiquitination, editing of inappropriately model describing the binding of ubiquitin to UCH-L3.
ubiquitinated proteins and regeneration of active ubiquitin The UCH-L3 active site cleft appears to be masked in from adducts with small cellular nucleophiles (such as the unliganded structure by two different segments of glutathione) that may be produced by side reactions. the enzyme (residues 9-12 and 90-94), thus implying Additionally, several ubiquitin-like proteins that occur as a conformational change upon substrate binding and fusions or conjugates have been identified, at least someIntroduction not surprising that numerous DUB enzymes have been identified. These enzymes fall into two distinct families Ubiquitin is a small (8.6 kDa) highly conserved protein of cysteine proteases, UBiquitin-specific Proteases (UBPs) that is best known for its role in targeting proteins for (Tobias and Varshavsky, 1991; Baker et al., 1992) and degradation by the 26S protease. Recent reviews include Ubiquitin C-terminal Hydrolases (UCHs) (Pickart and Ciechanover and Schwartz (1994) , Hershko and Rose, 1985) . Both classes of enzymes hydrolyze the Ciechanover (1992) , Jentsch (1992) and Wilkinson et al. peptide bond (either α-or ε-linked) at the C-terminus of (1995). Ubiquitin has been implicated in numerous cellular ubiquitin. The UBP enzymes, 16 of which have been processes, including cell cycle control, oncoprotein identified in yeast, were named for their ability to cleave degradation, receptor function, apoptosis, regulation of large model fusion proteins at the C-terminus of ubiquitin. transcription, stress responses, maintenance of chromatin They vary in molecular weight from 50 to 300 kDa, structure, DNA repair, signaling pathways, antigen preand exhibit a broad range of substrate specificity. Roles sentation and the degradation of abnormal proteins. Monoassigned for UBPs include cleavage of ubiquitin from the meric ubiquitin is activated by E1 (ubiquitin-activating remnants of degraded protein (Papa and Hochstrasser, enzyme), which forms a thiolester bond with the ubiquitin C-terminus. Families of E2 (ubiquitin-conjugating) and 1993) and disassembly of polyubiquitin chains to yield Every tenth UCH-L3 residue is delineated with a space. Active site residues (Gln89, Cys95, His169 and Asp184) of UCH-L3 are indicated in red. Other invariant residues are indicated in orange. Secondary structural elements seen in the UCH-L3 crystal structure are indicated above the sequence (see Figure 3 ). Disordered residues that are omitted from the UCH-L3 crystal structure are indicated with broken lines. SwissProt Database entries shown are: UCH-L3 (human; SW:P15374); UCH-L1 (human; SW:P09936); UBL-DROME (D.melanogaster; SW:P35122); SCHPO (Schizosaccharomyces pombe; SW:Q10171); YUH1 (S.cerevisiae; SW:P35127).
functional monomers . They appear protein in mammalian brain (Wilkinson et al., 1989) .
UCH-L2 appears to be constitutively expressed in many to function in cell fate determination (Huang et al., 1995) , transcriptional silencing (Henchoz et al., 1996;  Moazed tissues, while UCH-L3 is expressed in hematopoetic cells. An alignment of five UCH sequences shows that only and Johnson, 1996) and the response to cytokines (Zhu et al., 1996) . 12% of the residues are invariant ( Figure 1 ). Site-directed mutagenesis of invariant residues on UCH-L1 implicates The well-characterized UCH enzymes are generally smaller than the UBPs (25-28 kDa), although two larger Cys95 (UCH-L3 numbering) as the active site nucleophile and His169 as the general base in catalysis, with an sequences have been deposited in the GenBank database. Disruption or deletion of the one UCH gene identified in important role also played by Asp184 . The UCH enzymes do not appear to share significant yeast confers no discernible phenotype, suggesting that the substrate specificity of UCH enzymes may overlap sequence similarity with any other protein.
In order to understand better the catalytic mechanism with that of the UBP enzymes (Miller et al., 1989; Baker et al., 1992) . Biochemical studies have demonstrated that and substrate specificity of UCH enzymes, we have determined the crystal structure of recombinant human the human enzymes UCH-L1 and UCH-L3, and the UCHs from Saccharomyces cerevisiae and Drosophila UCH-L3 at a resolution of 1.8 Å. This structure has some similarities with the papain family of cysteine proteases, melanogaster, hydrolyze ε-linked amide bonds at the C-terminus of ubiquitin (R.E.Cohen, personal communicaincluding an active site catalytic triad and oxyanion hole. A major topological difference from papain includes a 20 tion) (Roff et al., 1996; Wilkinson, 1997) , although most studies have focused on the hydrolysis of α-linked peptide residue disordered loop that spans the active site. Based upon the structure, we propose: (i) a binding orientation bonds and small thiolester-, ester-and amide-linked adducts (Pickart and Rose, 1986; Wilkinson et al., 1986) .
for ubiquitin substrates on UCH enzymes; (ii) that the UCH active site is normally closed and opens upon binding In general, most of these small adducts are good substrates, except for peptide extensions with proline immediately to substrate; and (iii) that the disordered loop functions to define the substrate specificity of UCH enzymes. following the scissile bond. UCH-L3 cleaves peptide extensions of up to 20 residues from ubiquitin with high efficiency and low sequence preference, while larger
Results and discussion
folded extensions are not cleaved (Wilkinson, 1997) . Similar results have been reported for the yeast UCH (Liu
Structure determination
Crystals of native and selenomethione-substituted UCHet al., 1989; Miller et al., 1989) . These data suggest that the UCH enzymes may function to regenerate active L3 were grown in space group P2 1 2 1 2 1 (a ϭ 48.6 Å, b ϭ 60.8 Å, c ϭ 81.4 Å). There is one molecule in the ubiquitin from adducts with small nucleophiles (Pickart and Rose, 1985) . The observed tissue specificity of UCH asymmetric unit and the solvent content is 48%. The structure of selenomethione-substituted UCH-L3 was enzymes may reflect a distinct set of substrates (Wilkinson et al., 1992) . UCH-L1 is identical to PGP9.5, the neuronal determined at 2.35 Å resolution by the method of multiwavelength anomalous dispersion (MAD) (Figure 2 ). The UCH that constitutes several percent of the total soluble (Hutchinson and Thornton, 1996) . Strands short 3 10 segments at the ends of this helix. All other helices are α.
1991)
Figures 3 and 5A were made with the programs MOLSCRIPT (Kraulis, 1991) and RASTER 3D (Bacon and Anderson, 1988) .
native structure subsequently was refined against 1.8 Å data to an R-value of 22.9% (free R-value ϭ 29.1%) with resembles the well-known family of papain-like cysteine proteases (see Figure 4 ). good stereochemistry [root mean square (r.m.s.) deviation of bonds ϭ 0.009 Å]. The current refined UCH-L3 model A predicted secondary structure assignment was proposed recently for UCH-L3 and other UCH isozymes contains 206 of the 230 residues. Two regions of UCH-L3 lack defined electron density and have been omitted using the neural network program of the PredictProtein server (Rost and Sander, 1993) . This from the model (residues 1-4 and 147-166). The side chains of Arg136, Arg145 and Glu199 also lack defined analysis predicted 34% α-helical content and 17% β-sheet for UCH-L3, which is similar to our observation of 37% density and have been included in the model with an occupancy of zero.
α-helix and 20% β-sheet in the crystal structure. The PredictProtein server correctly predicted five out of seven helices, and three out of six strands. However, a number
Structure of UCH-L3
UCH-L3 has overall dimensions of 43 Å ϫ 32 Å ϫ 37 Å. of important secondary structural elements in the crystal structure are misidentified by the prediction, including The structure is organized around a central six stranded antiparallel β-sheet, with α-helices packing on either side helix 4, which contains the active site nucleophile, Cys95, and strand 4, which terminates one residue before Asp184, of the sheet to form a bilobal structure (see Figure 3) . The left lobe, as viewed in Figure 3 , contains the β-sheet the third member of the catalytic triad. and two long α-helices. His169 and Asp184, which have both been implicated in catalysis, are located at the amino-
Comparison with other structures
Although several well-characterized classes of enzymes and carboxyl-terminal ends of strand 3 and strand 4 respectively. The right lobe includes a long buried α-helix are known to have active site triads that apparently function to orient and activate either cysteine or serine nucleophiles, (helix 4) which contains the active site nucleophile Cys95, and a cluster of smaller helices. Helix 4 makes predominwe restrict comparisons to the papain family of cysteine proteases (Rawlings and Barrett, 1994) , with which UCHantly hydrophobic interactions with the β-sheet, several helices and an extended segment. The active site of UCH-L3 shows the greatest similarity. We have compared 21 papain-like structures that have been deposited in the L3 is located between the molecule's two lobes, within a long cleft that appears to be closed in this unliganded
Brookhaven database with UCH-L3 (see Figures 4 and 5) . Of the papain-like structures, three are free enzyme, structure. As discussed below, the catalytic nucleophile Cys95, the general base His169 and Asp184 form a four have the active Cys bound either to oxygen atoms, 2-mercaptoethanol or metal ion, and 14 are inhibitor catalytic triad that, along with other structural features, water molecules serve simple architectural roles to allow juxtaposition of the two lobes of the enzyme. It is also possible that they function in catalysis, either by facilitating conformational change (Rashin et al., 1986) or substrate binding (Meyer et al., 1988) .
Structural similarity at the active sites suggests that the catalytic mechanism of UCHs will resemble that of the papain-like enzymes (Storer and Ménard, 1994) . Thus, it is likely that UCH-L3 Cys95 and His169 form a thiolateimidazolium ion pair, Asp184 functions to orient the enzyme's active site and perhaps to stabilize the protonated form of His169, and Gln89 contributes to the oxyanion hole. These roles in catalysis are consistent with mutagenesis data for the Cys, His and Asp of UCH-L1 . In our unliganded structure, it appears unlikely that the Cys95 side chain is deprotonated because the carbonyl oxygen atom of Ser92 is positioned to form a linear 3.2 Å hydrogen bond with the Cys95 thiol. We propose that the thiolate ion will form after displacement of Ser92, which, as discussed below, is expected to undergo conformational change upon substrate binding.
Starting from overlap on the active site tetrad C α atoms, optimal C α superpositions of UCH-L3 with the papainlike enzymes were obtained using the program LSQMAN (Kleywegt and Jones, 1994) . The best overlays were obtained with cathepsin B (Turk et al., 1995) which shows shown have PDB identifiers 9pap, 4pad, 1pop, 2act, 1aec, 1huc, 1csb with papain on the 53 C α atoms of the optimal UCH-L3-and 1gec. Other papain-like structures used in structural comparisons cathepsin B overlap resulted in an r.m.s. deviation of in this paper are: 1the, 1cpj, 1pad, 2pad, 5pad, 6pad, 1stf, 1pip, 1ppp, 2.45 Å.
1pe6, 1ppd, 1ppn and 1ppo. Refer to the PDB for primary references to these structures, which are not included here because of space Segments of UCH-L3 that have structural equivalents limits.
in papain-like enzymes include most of the the central antiparallel β-sheet, helix 4 (which contains the active site Cys) and an extended β-like segment adjacent to helix 4 (see Figure 5 ). The major difference between these structures is that the active site helix precedes the β-sheet in complexes; 13 are of papain, four cathepsin B, three actinidin, and one glycyl endopeptidase. Of the papainpapain, while the active site helix is formed from the sequence following the second β-strand of the sheet in like enzymes, cathepsin B has the structure with greatest overall similarity to UCH-L3, as indicated by a search UCH-L3. This may have important functional consequences because it allows the positioning of a disordered performed with the Dali algorithm (Holm and Sander, 1993) . loop of 20 residues over the active site of UCH-L3. As discussed below, we hypothesize that this loop may play Overlap of the UCH-L3 active site triad (Cys95, His169, Asp184) with the active site Cys, His and Asn of the a role in substrate selection by the UCH enzymes.
A likely mode of substrate binding to UCH-L3 is papain-like enzymes yields r.m.s. deviation values on the three C α atoms of between 0.07 and 0.32 Å for 21 papainsuggested by analogy with complexes of papain-like enzymes, in which bound inhibitors occupy either the S like structures in the Brookhaven protein database (see Figure 4 ). In addition, UCH-L3 Gln89 is structurally or SЈ site ( Figure 6 ). (Substrate residues amino-and carboxy-terminal to the scissile bond are designated P and equivalent to Gln19 of papain, which participates in the formation of a catalytically important structure known as PЈ respectively, and the corresponding binding sites on the enzyme designated S and SЈ; Schechter and Berger, the oxyanion hole (Drenth et al., 1976; Ménard et al., 1991; Schröder et al., 1993) . Overlap of all four of these 1967.) The corresponding putative active site cleft of UCH-L3 is closed by two short segments of the enzyme UCH-L3 active site residues on the papain-like enzymes yields r.m.s. deviation values that range from 0.59 to which, as described below, we suggest will move to allow substrate binding. Our proposed location for the UCH 0.79 Å for C α atoms, and from 0.84 to 1.2 Å for all atoms. Interestingly, the structural similarity extends to active site cleft is supported by the clustering of invariant surface-exposed residues in the region of the S site three buried water molecules of UCH-L3 that are located between the two lobes of the protein below the active site inhibitors of papain-like enzymes ( Figure 6C ). This pattern of conserved residues is consistent with the very high Cys and His. Two of these water molecules are also found in the papain-like enzymes, with the third site occupied specificity of UCH enzymes for ubiquitin, which is expected to bind to the proposed S sites, and the lack by a serine side chain. It is possible that these conserved Figure 3 . Equivalent residues were defined by LSQMAN (Kleywegt and Jones, 1994) . Pairs of C α atoms were included in the overlap if their separation is Ͻ3.0 Å and if they form a stretch of at least five contiguous residues. Equivalent residues, as defined by LSQMAN, are shown in the cyan ribbon representation, and listed here: residues 32-37 of UCH-L3::residues 152-157 of cathepsin B, 48-60::166-178, 84-90::18-24, 93-106::27-40, 167-174::197-204, 182-186::217-221 . (B) Topology diagram of secondary structure for the β-sheet and helix 4 of UCH-L3 (upper) and structurally equivalent segments of cathepsin B (lower). Secondary structural elements are colored according to their order of occurrence along the amino acid sequence (red, orange, yellow, green, cyan, blue, magenta). The main topological difference is for the helix, which in papain-like enzymes is the first of these secondary structural elements in the sequence, while for UCH-L3 helix 4 is found between strands 2 and 3. The long disordered loop of UCH-L3 is indicated by a dotted line.
of selection for residues following ubiquitin, which are Cys95. We do not propose specific residue interactions between UCH-L3 and ubiquitin because this docking expected to bind in the proposed SЈ sites.
Further insight on substrate binding is provided by exercise is only approximate and, as discussed below, it appears likely that UCH-L3 will undergo some conformthe observation that UCH-L3 binds to ubiquitin with a micromolar dissociation constant and that this interaction ational change upon binding to substrate. Hydrophobic surfaces on ubiquitin and UCH-L3 are also likely to has a significant electrostatic component . We anticipate, therefore, that the positively charged contribute to the binding interaction. basic face of ubiquitin (Wilkinson, 1988) will bind to UCH enzymes. Consistent with this idea, UCH-L3 has a
Substrate-induced conformational changes
Comparison with ligand-bound complexes of papain-like molecular surface of almost entirely negative electrostatic potential (Nicholls et al., 1991) , including three invariant enzymes suggests that the specificity of UCH enzymes for ubiquitin adducts may result, in part, from maintenance carboxylates (Glu10, Glu14 and Asp33) at the putative S sites. As shown in Figure 7 , we have crudely docked of an inactive enzyme conformation in the absence of a bound ubiquitin moiety. In the absence of a binding ubiquitin against the proposed S sites of UCH-L3 so that electrostatic interactions appear favorable and the flexible partner, the UCH-L3 active site cleft appears to be closed by two loops (see Figure 8 ). The first of these loops C-terminal residues of ubiquitin are positioned analogously to the S site inhibitor of papain-like enzymes, with the includes Leu9 and Glu10, which are in van der Waals contact with groups on the opposite side of the cleft, and ubiquitin C-terminus adjacent to the active site nucleophile, are in positions incompatible with the placement of papainThe second loop that appears to block the active site, residues 90-94, spans the catalytic residues Gln89 and like enzyme inhibitors after least-squares overlap on active site residues. It also seems likely that residues 11 and 12
Cys95, and adopts a conformation that differs from the equivalent region of papain-like structures by displacewill have to move in order to accommodate substrate. Interestingly, Glu10 is one of the few surface-exposed ments of Ͼ4 Å for the C α atoms of residues 92 and 93. Consequently, the carbonyl oxygen of UCH-L3 Ser92 is UCH residues that is invariant, and it is possible that binding of positively charged groups on ubiquitin to Glu10 buried in the oxyanion hole in a position analogous to the oxygen atom of inhibitors seen in the cysteine proteaseinitiates opening of the UCH active site cleft.
inhibitor complex structures. Thus, Ser92 carbonyl oxygen forms hydrogen bonding interactions with both the thiol and main chain amide of Cys95. Because the adjacent residue, Asn93, is both highly exposed and invariant, we speculate that this side chain may participate in substrate binding, thereby providing a mechanism to open the active site. Conformational changes in both of the loops that appear to block the active site may be coupled since van der Waals contacts are observed from residue 9 to 93 and from 6 to 93 and 94. Access to the active site appears to be restricted futher by a 20 residue disordered loop consisting of residues 147-166 which spans the active site cleft. This loop may exist in several different conformations and, as discussed below, we propose that it may function in the definition of substrate specificity. The observation of van der Waals contact between residues 7 and 146 and a hydrogen bonding interaction between residues 5 and 146 in the UCH-L3 crystal structure suggest the possibility of a coordinated conformational change upon substrate binding that includes the disordered loop.
Masking of the UCH active site in the absence of bound substrate may function to limit non-specific cleavages by these cytoplasmic proteases. An analogous conformational change probably does not occur for the papain-like enzymes. Inspection of the liganded and unliganded structures in the Brookhaven database shows no significant conformational changes in the enzyme S sites upon binding inhibitor. The papain-like enzymes, which are generally secreted or lysosomal, employ an alternative strategy to limit inappropriate reactions. Inhibitory N-terminal propeptide extensions are cleaved only after import into the lysosome (Karrer et al., 1993; Carmona et al., 1996; Coulombe et al., 1996; Cygler et al., 1996; Turk et al., 1996) .
Substrate specificity
Although UCH-L3 has high specificity for ubiquitin N-terminal to the scissile bond, it is highly permissive for the residues following ubiquitin provided the adduct is small and unstructured (K.D.Wilkinson, unpublished). One possible rationale for the lack of activity against larger folded C-terminal ubiquitin fusions is that only highly Orientation is the same as for Figure 3. (A) Glycyl endopeptidase complex with the inhibitor benzyloxycarbonyl-L-V-G-methylene, which occupies the S4, S3, S2 and S1 sites (O'Hara et al., 1995) . (B) Cathepsin B with the inhibitor CA030, which occupies the S2, S1, S1Ј and S2Ј sites (Turk et al., 1995) . Protein surfaces are colored gray/ green according to curvature. Bound inhibitors are red. The active site Cys residue is yellow, other active site residues are magenta. (C) UCH-L3 molecular surface colored for the invariant residues of Figure 1 . Active site residues are shown in magenta, basic residues blue, acidic residues red, polar residues cyan and hydrophobic residues green. This figure was prepared with the program GRASP (Nicholls et al., 1991). extended substrates can be accommodated in a deep fusions from the UCH-L3 active site results from the 20 residue loop between Thr147 and Val166 that is disordered narrow groove of UCH SЈ sites. The UCH-L3 crystal structure does not appear to possess such a groove, in our crystals. This loop is topologically distinct from the papain-like enzymes. The ends of the loop are anchored however, and thus the ordered protein visible in the crystal structure does not obviously explain the preference of 20 Å apart on opposite sides of the active site Cys95, and three different classes of conformations can be envisaged UCH enzymes for small unfolded substrates. Although it is possible that a deep SЈ site substrate cleft could for the loop with respect to the proposed UCH-substrate interaction geometry (see Figure 9 ). be formed by conformational change upon binding to substrate, the very low discrimination shown across a (i) The loop may be sandwiched between the body of UCH-L3 and the ubiquitin moiety of a substrate (red broad range of sequences that are cleaved from the ubiquitin C-terminus argues against this possibility. conformation in Figure 9 ). This arrangement seems unlikely, however, in light of the probable ubiquitinWe propose instead that exclusion of large ubiquitin binding surface on UCH-L3 (see above). Furthermore, the Figure 6A and B are shown in red and Fig. 9 . Possible orientations of the UCH-L3 disordered loop. The crystal structure of UCH-L3 is shown in the same color representation magenta respectively after least-squares overlap of the papain-like enzyme complexes on the UCH-L3 crystal structure. The structure of and orientation as Figure 7 . The docked ubiquitin molecule has been moved slightly away from the UCH-L3 for clarity. Residues that ubiquitin (Vijay- Kumar et al., 1987) , shown in gray, has been positioned with the basic face adjacent to UCH-L3, the C-terminal follow ubiquitin in an α-linked substrate adduct have been included in dark gray. Three possible classes of conformation are shown in carboxylate adjacent to UCH-L3 Cys95, and with the flexible C-terminal residues following the path of the glycyl endopeptidase magenta, blue and red, for the disordered loop (residues 147-166) with respect to the substrate. S site inhibitor. Fig. 8 . The active site cleft of UCH-L3 is blocked. Stereoview of the UCH-L3 active site in approximately the same orientation as Figure 3 . The active site residues Gln89, Cys95, His169 and Asp184 are labeled Q, C, H and D, respectively. UCH-L3 residues Leu9, Glu10, Ala11 and Ser92 are labeled. UCH-L3 is colored cyan, with the two segments proposed to move upon binding of substrate colored green (residues 9-12 and 90-94) The S4-S1 site inhibitor of glycyl endopeptidase ( Figure 6A ) is shown in red after superposition on the UCH active site residue C α atoms.
had been equilibrated for 3-5 days. The same reservoir and drop loop sequence is not well conserved, and thus seems conditions used to obtain the initial aggregates were also used for the poorly suited to mediate interactions with ubiquitin, for subsequent micro and macroseeding. The crystals attain their maximum which all UCH enzymes that have been characterized size in 5-10 days following macroseeding. Typical crystal dimensions exhibit high specificity. are 0.3 mm ϫ 0.3 mm ϫ 0.6 mm.
For generation of selenomethionine-substituted UCH-L3 (SeUCH-(ii) A second possible conformation places the loop L3), the gal-, met-auxotroph B834(DE3) of the BL21 strain (Studier over the active site, with residues C-terminal to the scissile and Moffatt, 1986) harboring pRSL3 was grown bond passing through the loop (blue in Figure 9 ). When on LB agar as colonies. A single colony was inoculated into 50 ml of modeled in a maximally open conformation, the loop has LB medium and grown overnight, followed by dilution into 6 l of modified M9 medium. Solutions O, P, S and V (Weber et al., 1992) , an internal diameter of~15 Å, which is suitable for passage uracil (final concentration of 1 mM) and selenomethionine (final concenof an unfolded extended polypeptide chain, although it tration of 50 g/l) were sterile filtered and added to M9 media.
is expected to limit passage of even a small folded
At an OD 600 nm of 0.6, the cells were induced with 0.5 mM isopropylstructure such as an α-helix. A problem with this model pletely away from the proposed ubiquitin-binding surface (magenta in Figure 9 ). This conformation would be
Data collection and processing
analogous to the occluding loop of cathepsin B, which is
The native and SeUCH-L3 crystals are isomorphous; space group also located along the SЈ sites and defines the exopeptidase with the substrate carboxy-terminus two residues beyond (Matthews, 1968) .
the scissile bond (Turk et al., 1995) . An important topoAll data were collected at 100 K. Prior to cryocooling, the crystals logical distinction is that, unlike the disordered loop of were transferred to the reservoir solution, and then to a series of solutions UCH-L3, the cathepsin B occluding loop does not straddle that the disordered loops of the different UCH enzymes, SCALEPAK (Otwinowski, 1993) . See Table I for data statistics.
which are of similar length but relatively dissimilar sequence identities, function as modular units to confer
Structure determination and refinement different substrate specificities on the various UCH Crystallographic computing was performed using programs from the CCP4 suite (CCP4, 1994), unless otherwise stated. Of the seven isozymes.
methionine residues in UCH-L3, all except the amino-terminal Met are ordered. The six selenium sites were identified from difference Patterson and Fourier functions using the program XtalView (McRee, 1992) .
Materials and methods
Selenium parameters were refined in MLPHARE (Otwinowski, 1991) , treating λ1 as the native data of a conventional multiple isomorphous Crystallization The recombinant human UCH-L3 used in these studies was purified as phase determination (Ramakrishnan and Biou, 1997) . The mean figure of merit calculated by MLPHARE was 0.42. described . The protein solution used in crystallization trials was 12 mg/ml UCH-L3 in 50 mM Tris-HCl, pH 7.6, 15 mM Phases computed with MLPHARE were refined by solvent flattening and histogram shifting with the program DM (Cowtan, 1994) to a mean β-mercaptoethanol, 1 mM EDTA. This solution was stored in aliquots at -70°C. Crystallization was performed at 4°C in sitting drops. The figure of merit of 0.77. The resulting electron density map was readily interpretable for the majority of the UCH-L3 sequence (see Figure 2 ). reservoir solution was 26% (w/w) polyethyleneglycol 4000, 200 mM sodium acetate, 100 mM PIPES pH 6.7 and 10 mM dithiothreitol. The Rounds of refinement with XPLOR (Brünger, 1992b) were interspersed with model building (Jones et al., 1991) . λ1 amplitudes from 10.0 to drop solution was 3 µl of protein solution mixed with 3 µl of reservoir solution. These conditions produced crystalline aggregates after 4-5 days.
2.35 Å resolution were used in the refinement, with phase restraints also applied. At this stage, the R-value against 10.0-2.35 Å data was 24.3% Single crystals were obtained by microseeding. One of the initial aggregates was ground up with a needle, and the needle streaked through and the free R-value was 30.4% (Brünger, 1992a) . No sigma cuts were applied to refinement or R-value calculations. a drop that was identical to that described above, but which had equilibrated for 3-5 days. Small single crystals appeared after several Refinement was continued against 6.0-1.8 Å data collected from a native crystal (see Table II ). Because of a slight deviation from true days.
Large crystals were obtained by macroseeding. Using a rayon loop, a isomorphism between the native and SeUCH-L3 crystals, phase restraints were not employed for the high resolution refinement. The final model small single crystal was transferred into reservoir solution, allowed to wash for several minutes, and then transferred into another drop that includes 104 water molecules and 206 of the total 230 UCH-L3 residues. 
